Abstract Authigenic minerals can form in the water column and sediments of lakes, either abiotically or mediated by biological activity. Such minerals have been used as paleosalinity and paleoproductivity indicators and reflect trophic state and early diagenetic conditions. They are also considered potential indicators of past and perhaps ongoing microbial activity within sediments. Authigenic concretions, including vivianite, were described in late glacial sediments of Laguna Potrok Aike, a maar lake in southernmost Argentina. Occurrence of iron phosphate implies specific phosphorus sorption behavior and a reducing environment, with methane present. Because organic matter content in these sediments was generally low during glacial times, there must have been alternative sources of phosphorus and biogenic methane. Identifying these sources can help define past trophic state of the lake and diagenetic processes in the sediments. We used scanning electron microscopy, phosphorus speciation in bulk sediment, pore water analyses, in situ ATP measurements, microbial cell counts, and measurements of methane content and its carbon isotope composition (d 13 C CH4 ) to identify components of and processes in the sediment. The multiple approaches indicated that volcanic materials in the catchment are important suppliers of iron, sulfur and phosphorus. These elements influence primary productivity and play a role in microbial metabolism during early diagenesis. Authigenic processes led to the formation of pyrite framboids and revealed sulfate reduction. Anaerobic oxidation of methane and shifts in pore Electronic supplementary material The online version of this article
Introduction
Formation of authigenic minerals in lacustrine systems has been reported in the water column (Böttcher and Lepland 2000) , at the sediment-water interface (Manning et al. 1999) , and within sediments (Berner 1981) . Such mineral formation can occur as a consequence of saturated ion concentrations (Wilkin and Arthur 2001) , and/or early diagenetic processes such as organic matter (OM) decomposition (Berner 1981) and microbial activity (Beveridge et al. 1983 ). Thus, these minerals poorly reflect their initial sedimentary settings. Indeed, the evolution of reducing conditions in the sediment (Berner 1981) and pore waters (Emerson 1976 ) is known to control the formation, transformation and preservation of authigenic minerals, as they go through complex stages involving precipitation, amorphous phases (Glasauer et al. 2003) and precursors (Wilkin and Barnes 1997) .
In lakes, the formation of iron minerals can be either syngenetic or diagenetic (Wilkin and Barnes 1997; Fagel et al. 2005) . Hydrous ferric oxide (HFO) derived from goethite (FeO(OH)) and limonite (FeO(OH)Á nH 2 O) can be further transformed into diagenetic forms of reduced iron such as magnetite (Fe 3 O 4 ), siderite (FeCO 3 ) and vivianite (Fe 3 2? (PO 4 ) 2 Á8H 2 O) Konhauser 2007) . In freshwater basins, precipitation and dissolution of iron phosphates are important mechanisms that regulate phosphorus concentration in the water column (Nriagu and Dell 1974) . Formation of iron phosphates results from phosphorus adsorption and sinking to the sediments (Gächter et al. 1988; Wang et al. 2007) , processes that primarily depend on water-column conditions such as salinity, density stratification of the water body, presence of iron oxides (Wilson et al. 2010 ) and the nature of sedimented clay minerals (Stamatakis and Koukouzas 2001) . Phosphorus sorption on HFO often results in the formation of ''green rust'' which is a main amorphous precursor of iron phosphate minerals . Nonetheless, reduction of Fe(III) is required to form most of those minerals. In the sediment, where microbes show stronger catalyzing capacity than in the water column (Lovley 1997) , dissolved ions (Nriagu 1972) , OM mineralization (Emerson 1976) and reactivity linked to nutrient recycling (Anderson et al. 2001 ) are additional factors that are influenced by microbes and affect authigenic minerals. Especially under eutrophic conditions (Hupfer et al. 1998; Manning et al. 1999) , microbial communities (Nealson and Stahl 1997) have been invoked as contributors to early and shallow-burial formation of authigenic minerals. OM decay and microbial activity produce humic and gel-like substances that promote supersaturated conditions in pore waters (Zelibor et al. 1988) , resulting in the crystallization of aggregates. Different degrees of hypoxia and various pore water chemistries (e.g. iron, phosphate, sulfide) can be generated by microbial processes, thus leading to specific mineral phases and specific crystal shapes (Postma 1981; Glasauer et al. 2003; Konhauser 2007) . For example, in the presence of dissolved Fe(II), methanogenesis and sulfate reduction promote mainly vivianite and pyrite formation. Under reducing conditions, vivianite is the most stable iron phosphate (Emerson 1976; Berner 1981) , thus exerting significant control over Fe and P geochemical cycles (Nriagu 1972 ). Yet production of H 2 S via sulfate reduction tends to destabilize and scavenge iron from its structure (Nriagu 1972) . Coexistence of pyrite and vivianite in Laguna Potrok Aike concretions requires investigation, as microbial communities commonly develop competitive or synergetic behaviors (Nauhaus et al. 2002) . Furthermore, dissimilatory iron-reducing bacteria (DIRB), sulfate-reducing bacteria (SRB) and even methanogens (Zhang et al. 2012 ) not only oxidize OM while reducing iron Zachara et al. 1998 ), but sometimes alter minerals (Stucki and Kostka 2006) and associated sediment properties (Kostka et al. 1999; Dong et al. 2009) .
Previous geomicrobiological studies of Laguna Potrok Aike sediments, southern Argentina, demonstrated the influence of endogenic, layered microbial communities (Nealson and Stahl 1997) on surficial sediments and their ability to recycle nutrients (Vuillemin et al. 2012) . The discovery of vivianite concretions in deep, glacial-age sediments (Nuttin et al. 2012) offers the opportunity to infer prevailing bottom-water conditions and inputs to sediments at the time of vivianite formation. It also presents an opportunity to elucidate the possible role of microbes in the development of the concretions, during both early diagenesis and following deep burial. Lastly, it provides a chance to better define the depths of formation for such minerals and the microbial processes involved in authigenesis. Use of the concretions as paleoindicators or microbial biosignatures can help address aspects of the phosphorus cycle, both in the water column and via microbial activity within the sediments.
This study combines geochemistry, such as chemical separation of different phosphorus forms (i.e. P speciation), total organic carbon (TOC), methane content, carbon isotopes (d 13 C org , d 13 C CH4 ) and pore water analyses, with microbiological evidence for microbial life, such as in situ ATP (adenosinetriphosphate) detection and DAPI (4 0 , 6-diamidino-2-phenylindole) cell counts. Additionally, scanning electron microscopy (SEM) allowed high magnification imagery of the different mineral phases that were identified using X-ray energy spectroscopy (EDS).
Site description
Laguna Potrok Aike (52°S/70°W) is a maar lake in the Pali Aike volcanic field of southern Patagonia, Argentina (Zolitschka et al. 2006) . Catchment lithology is dominated mainly by mafic volcanics (Fig. 1) , whereas carbonates are absent. Today, the lake has a maximum diameter of 3.5 km, an area of 7.74 km 2 and a maximum water depth of 100 m. Annual precipitation ranges between 200 and 300 mm, reflecting the semi-arid climate of the area. Average wind speed is 7.4 m/s and annual temperature extremes range between 33°C and -16°C. Potrok Aike is one of the few permanent water-filled lakes in the southeastern Patagonian steppe, making its sediment record important for paleoclimate reconstructions (Haberzettl et al. 2007 ). Its seismic stratigraphy has been extensively studied (Anselmetti et al. 2009; Gebhardt et al. 2011) , as have its sediment OM sources (Mayr et al. 2009 ). Today the lake is polymictic, with a non-stratified water column and oxygenated bottom waters. It displays low productivity because of subsaline conditions and is considered mesotrophic (Zolitschka et al. 2006) . Haberzettl et al. (2007) examined bulk element ratios in sediments and suggested that oxic to suboxic conditions have prevailed at the water/ sediment interface. Other sediment features, however, such as color and grain size, along with the presence of biogenic methane in very shallow sediments (Vuillemin et al. 2012) , point to limited oxygen penetration below the water/sediment interface. Recently, the study of five sediment cores retrieved through the ICDP-sponsored PASADO project enabled inference of past lake-level fluctuations (Kliem et al. 2012; Ohlendorf et al. 2012) and paleoclimate reconstruction for the late Pleistocene and Holocene (Recasens et al. 2012 ).
Materials and methods

Sampling strategy
For this study, we utilized two hydraulic piston cores retrieved from the center of the lake, at 100 m water depth (Fig. 1) . Cores 5022-1A and 5022-1D were 65 mm in diameter, with respective lengths of 87 and 97 m, with a sediment record encompassing at least 55 ka (Kliem et al. 2012) . Core 5022-1D was sampled in the field for geomicrobiological studies. A special subsampling protocol was applied to minimize contamination risks and is described in detail elsewhere (Vuillemin et al. 2012) . Sampling windows were cut in the core liners to facilitate quick sampling under semiaseptic conditions in the field laboratory. Specific conditioning was applied to sediments for methane headspace analyses, DAPI cell counts, and in situ ATP detection assessment (Vuillemin et al. 2012) . Core 5022-1A was sealed and stored at 4°C, and sampled for pore water analyses in Bremen, Germany. Core 5022-1D was resampled for standard bulk analyses. Vivianite concretions (Nuttin et al.2012) were sampled in three cores from site 2 (Fig. 1) . Corresponding depths in cores from site 1 were obtained by correlation using magnetic susceptibility profiles (Recasens et al. 2012) . Correlation was confirmed by the presence of similar authigenic minerals at corresponding depths in the core from site 1, documented using digital pictures of opened core 5022-1D (Fig. 2) . A complete stratigraphic record of the 5022-1D core and sample depths is available in electronic supplementary material (ESM 1).
Analyses
Methods for determination of methane headspace, phosphorus speciation, in situ ATP detection and DAPI cell counts were published (Vuillemin et al. 2012) .
Total organic carbon (TOC), total nitrogen (TN) and the stable carbon isotope composition (d 13 C org ) of the homogenized bulk organic fraction were analyzed on decalcified and untreated samples, respectively, using an elemental analyzer (EuroVector Ò , Euro EA Ò ) linked by continuous flow to an isotope-ratio mass spectrometer (Micromass, IsoPrime Ò ). Isotope ratios are reported in d-notation in per mil according to the following equation: d = (R sample /R standard -1) 9 1,000, where R is the measured ratio of 13 C/ 12 C in the sample and Vienna PeeDee Belemnite standard (V-PDB). Analytical precision of isotope analyses was B0.10 %. TOC and TN were calculated according to the yield of CO 2 and N 2 after sample combustion in the elemental analyzer. Analytical precision was ±3 % (1 s) for carbon and ±2 % (1 s) for nitrogen. TOC of the decarbonized sample was back-calculated to the whole sample and results are presented in wt%. TOC and TN values were used to calculate atomic C org /N ratios.
The carbon isotopic composition of methane (d 13 C CH4 ) was determined on the same samples used for headspace chromatography. Duplicate measurements were processed with an IsoPrime Ò mass spectrometer connected to a trace gas preconcentrator. Results are given in standard d-notation relative to V-PDB.
Pore water samples from core 5022-1A were obtained using soil moisture samplers (Rhizon Ò soil moisture samplers Eijkelkamp Ò ) inserted into sediments through small holes drilled in the core liners. Fluids were extracted using syringes screwed to the Rhizons and maintained under low pressure. To avoid shifts in water chemistry, recovered samples were split for cation and anion analyses after sampling, and immediately flushed with helium gas. Samples for cation analyses were acidified with 100 ll HNO 3 (65 % suprapure). Transfer of pore water samples into sealed vials was performed under a N 2 atmosphere in a small chamber. Cations were determined by ICP-MS and anions were analyzed by ion-chromatography.
Minerals and matrices of authigenic concretions were observed using a binocular microscope (Nikon SMZ800 equipped with a Go-3 QImaging Digital USB Microscope Camera) and a scanning electron . Right Bathymetric map of Laguna Potrok Aike (modified after Zolitschka et al. 2006) showing the two drilling sites and the cores sampled in the present study microscope (SEM) (Carl Zeiss EVO Ò 50). For SEM observation, dried samples were mounted on 12.7-mm-diameter aluminum stubs, using double-sided adhesive carbon discs. They were observed under variable pressure mode (10-400 Pa), enabling observation of non-conductive samples without metal coating. Such conditions prevent metal contamination and minimize the charge-up on the surface during observation. The Carl Zeiss EVO Ò 50 SEM is equipped with a Variable Pressure Secondary Electron detector (VPSE) for topographic images, a 4-Quadrant Backscattered electron Detector (QBSD) for backscattered electron (BSE) images, which allows viewing images in chemical contrast depending on the mean atomic number of the specimen, and an X-ray Energy Dispersive Spectroscopy (EDS) microanalysis system (model: INCAx-sight EDS detector, Oxford Instruments) for elemental analyses of surficial nanoparticles. The Lithium Drifted Silicon Si (Li) detector has a resolution of 133 eV and can identify elements from beryllium (Z = 4) to uranium (Z = 92) for concentrations [1,000 ppm. It must be operated close to liquid nitrogen temperatures. The accelerating voltage was 20 kV and working distances were 8.5 mm for BSE and 6.5 mm for secondary electron images. Additional imaging was also performed on coated samples with a Jeol JSM 7001F SEM. Prior to imaging, samples were mounted on aluminium stubs with double-sided conductive carbon tape, and an ultra-thin coating (*15 nm) of gold was deposited on the samples by low vacuum sputter coating with a Leica EM SCD 500 metallizer.
Results
Organic carbon in bulk sediment
The average TOC content in glacial sediments is very low with values often B0.3 % (Fig. 3A) . Two horizons within the glacial record, however, display higher TOC values of 1.23 and 0.76 %, at 74 and at 37 m depth, respectively. TOC values along the Holocene record range between 0.3 and 2.0 %, with the highest TOC content around 10 m depth corresponding roughly to the late glacial/Holocene transition. Values then fluctuate between 0.3 and 1.5 % in the uppermost 10 m of sediment. TN (not shown) displays identical trends to those of TOC, but has lower average values, with a maximum of 0.25 % at 10 m sediment depth. From the core bottom up to 20 m depth, the atomic C org /N ratio ( Fig. 3A) displays very low values, with two exceptional peaks C10 within the mentioned glacial horizons, at 74 and 37 m depth. In the uppermost 20 m of sediment, the atomic C org /N ratio increases from 4 to 10, and fluctuates between 6 and 12 along the Holocene record, reaching a maximum of 14 at 0.7 m depth. Carbon isotopes of bulk OM (Fig. 3A) show variations that are confined to the Holocene sediments. The glacial sediments display a uniform trend, with peaks of -25.1 and -24.0 % around 70 m depth. From 10 to 5 m depth, d
13 C org decreases from -24.1 to -27.8 %. From this depth to the top, the isotopic composition displays an increasing trend, reaching -23.0 % in the uppermost sediments. Total phosphorus (TP) equals the sum of inorganic phosphorus (IP) and organic phosphorus (OP), and IP corresponds to the sum of apatite phosphorus (AP) and non-apatite inorganic phosphorus (NAIP). Figure 3A displays results for OP, AP and NAIP, whereas TP is shown in Fig. 3C . The OP content is high within the first glacial horizon at 74 m depth, whereas the highest values are in the uppermost 10 m of sediment. The OP content is greatest at 0.7 m depth, but decreases gradually from the surface down to 20 m. AP appears to be the dominant form of phosphorus, with an average content of 500-600 ppm throughout the sediment column. NAIP shows both increasing and decreasing trends, with sporadic peaks in the glacial record (75, 66, 56, 43 and 25 m depth). In the same broad interval, AP displays synchronous increases at about 75, 57 and 43 m depth. TP displays the highest values at these same depths, coinciding with vivianite concretions that were sampled subsequently. Within the uppermost 20 m, where no authigenic concretions were found, AP and NAIP contents differ significantly from one another and NAIP and OP contents are negatively correlated.
Pore water analyses Figure 3B displays pore water concentrations for chloride, phosphate, sulfate, calcium and iron. From 30 m to 5 m depth, chloride content increases gradually from 200 to 800 ppm, illustrating the shift of the water column from freshwater to subsaline conditions during the late glacial-Holocene transition. The data also show that pore waters reflect the original lake water composition and were not affected by diffusion of lake water into the sediments. The orthophosphate and OP profiles show similar trends, with high concentrations in the uppermost 10 m. In the glacial record, some low phosphate concentrations in pore waters are found at depths where concretions were observed, i.e. at 74, 58 and 43 m depth. Sulfate concentration in pore waters shows three sharp peaks, at 50, 49 and 25 m depth, which can be related to inputs of altered mafic tephra (Kliem et al. 2012) . The same peaks can be identified for calcium in accordance with the mafic composition of such sediments. Otherwise, the calcium content decreases from 20 m to 5 m depth, concomitantly with the observed chloride increase. Dissolved iron concentrations in pore waters were often below the detection limit and very low concentrations were observed from 50 to 15 m depth, with a maximum value of 12 ppm at 38 m depth.
Methane content and d
13 C CH4 Figure 3C shows total methane content in percent of the initial sample volume (3 ml = 3 cm 3 ). Large squares indicate samples in which d 13 C CH4 was measured and isotope values are listed next to the graph. Surface sediments show high methane content linked to the activity of methanogens. Below the surface, methane content decreases substantially from 2 to 8 m depth and rises again at 9 m depth. Below 20 m depth, methane content is quite variable.
The d 13 C CH4 value (Fig. 3C ) at 2 m depth is -23.98 % and decreases to -68.33 % at 8 m depth. At 12 m depth, a peak in methane content coincides with a d 13 C CH4 value of -65.86 %. A much higher value (-23.55 %) is observed around 40 m depth, at the top of the interval containing framboids. Microbial population activity and density
In situ ATP measurements (Fig. 3C) show a sharp increase from the surface down to 4 m depth, followed by a strong decrease down to 8 m depth. Small increases are then seen at 9, 34 and 49 m depth, along with some slightly higher TOC and OP values for the glacial record (Fig. 3A) . DAPI cell counts (Fig. 3C ) decrease from the surface to 3 m and then increase to a maximum value at 5 m depth. The microbial population density fluctuates below that depth, and decreases dramatically at 9 m. Then it stabilizes at a low density, decreasing gradually down to 60 m, where it almost disappears. A small peak, however, is evident at 34 m.
Microscopic observations
Concretions
Concretions shown in Fig. 4A -E were recovered from clayey layers of sediment sequences, composed of mafic sands at the base, overlain by clays topped with a very thin horizon (Fig. 2) at 56.96, 66.23, 67.14 and 78.58 m depth in the site 2 composite core (Gebhardt et al. 2011) , corresponding approximately to 46, 53, 57, 58 and 74 m depth in the site 1 composite core (Recasens et al. 2012) . Concretion B is a blue and blocky vivianite mass (Nuttin et al. 2012 ) that quickly faded away after core opening (Fig. 2B2) . Observation under increasing magnification revealed a massive texture of a single composition. The perfect cleavage of vivianite is even visible under the highest magnification (Fig. 4B, right) . Observation of concretions A, C, D and E under reflected light shows they are \1 cm in diameter (Fig. 4 top) 
Framboids and precursors
Framboids and their precursors were identified in concretions A, C and D. Numerous microcrystals of iron sulfide are displayed in Fig. 5A , illustrating an initial stage of nucleation (Wilkin et al. 1996) . The different framboids presented in Fig. 5C display a rather homogenous size distribution, with diameters ranging between 10 and 15 lm.
EDS elemental analyses
EDS analyses were performed on phosphates ( Fig. 6A 1-4 ) , framboids ( Fig. 6B 1-4 ), matrices and specific foliated clays (Fig. 6C 1-2 ) and some accessory mineral (ESM 2). Iron oxides such as hematite ( not investigated because they are very common in the catchment, and thus mostly from detrital origin. BSE images were used to distinguish phosphates within matrices. Vivianite (Fe 3 (PO 4 ) 2 Á8H 2 O) was the dominant identified mineral, although anapaite (Ca 2 Fe(-PO 4 ) 2 Á4H 2 O), another authigenic phosphate, was also identified once. Analyses that did not match the stoichiometric ratio for vivianite perfectly were considered alteration byproducts of this mineral that most often turn to strengite (Fe 2? PO 4 Á2H 2 O). EDS measurements on framboids (Fig. 6B ) reveal a range of compositions corresponding mainly to greigite and pyrite. The lines on the plots shown in Fig. 6A , B (right side) correspond to stoichiometric compositions of specific phosphorus-and sulfur-containing minerals, respectively. Carbon and iron content of matrices were also plotted (Fig. 6C, right side) to assess the possible sorption of organic elements onto oxides. Additional analyses were carried out on coated samples that revealed specific clays habitus (Fig. 6C 1-3 ) and EPS remnants (Fig. 6C 4 ) . These results show a positive correlation between carbon and iron contents, leading to an inference for coupled iron and OM reduction in the presence of microbes.
Discussion
Conditions for authigenic mineral formation
Vivianite
In Laguna Potrok Aike the influence of mafic volcanics on sediment geochemistry (Kliem et al. 2012) seems to have played a major role in the formation of the studied concretions. Reworking of mafic scoria and ashes from the catchment (Fig. 1) could have provided large amounts of the necessary phosphate, iron and sulfur (Park et al. 2005) , whereas associated oxides (Manning et al. 1999 ) and smectites (Stamatakis and Koukouzas 2001) would have been ideal phosphorus sinks. Smectites are alteration products of soils and volcanic ashes and are known to occur within the Potrok Aike sediment record, where they represent up to 50 % of the clay fraction (Nuttin et al. 2012) . Overall, different forms of phosphorus throughout the core reflect variations in the sedimentation regime. Sedimentary sequences (Fig. 2 ) of basaltic sands, overlain by thin clayey horizons, suggest sporadic inputs of AP followed by sedimentation of adsorbed NAIP (Fig. 3A) . AP is insoluble and generally of detrital origin (Zhou et al. 2001) . Authigenic apatite is known to form only in marine environments (Compton et al. 2007 ) and thus is not part of this lacustrine record. AP variations reflect changes in allochthonous input into the Potrok Aike closed basin corresponding with gravity events during the glacial interval (Kliem et al. 2012) . NAIP is a bioavailable form of phosphorus that turns into an authigenic form when adsorbed onto metal oxides within the sediment, thereby restricting its solubility in sediments to reducing conditions (Anderson et al. 2001) . The coupled AP and NAIP behavior can be explained by external input of phosphorus with AP, its insoluble form, which settles directly to the sediment. At the same time, NAIP is dissolved in the water column and precipitates within fine particles when adsorbed onto metal oxides (Hupfer et al. 1998) . Vivianite precursors such as HFO, green rust and hydroxyphosphates (Nriagu and Dell 1974; Fredrickson et al. 1998) , are known to form by the adsorption of phosphorus onto iron oxides (Fagel et al. 2005) . These accumulations are transformed into vivianite during methanic diagenesis (Berner 1981) . In lacustrine systems, this process has often been reported in surficial sediments (Emerson 1976; Berner 1981; Sapota et al. 2006) , with frequent occurrences in anoxic, low-sulfide sedimentary environments (Manning et al. 1999 ) and cold, dry climate zones (Sapota et al. 2006) . The low TOC content in Laguna Potrok Aike glacial sediments (Fig. 3A) is an additional factor that could have favored P fixation in the sediment (Wang et al. 2007 ) and limited bacterial P release from sediments (Gächter et al. 1988 ). Additionally, the frequent gravity events during the glacial period (ESM 1) reflect higher sedimentation rates that disrupted the microbial degradation chain that would otherwise favor quick OM mineralization and thereby prevented P diffusion to the water column.
Holocene sediments of Laguna Potrok Aike illustrate the opposite situation, with a pelagic to hemipelagic sedimentation (Kliem et al. 2012) . Their high pore-water phosphate concentrations (Fig. 3B) were probably caused by OM degradation and associated high microbial activity (Fig. 3C ) along with low sulfate concentrations (Fig. 3B) . Subsequent mineralization of OP degraded by microbes may trigger the formation of authigenic forms of phosphate (Gächter et al. 1988) , as indicated by the gradual increase of NAIP in bulk sediment down to 20 m depth. Such inverse correlation between OP and NAIP was only observed in relatively young sediments as the preservation potential of OP forms in older sediments is very low and does not allow discrimination between sorption processes and mineralization. Remobilization of authigenic forms of NAIP can occur under reducing conditions with solubilization back to the water column (Wang et al. 2007) or to interstitial waters (Zhou et al. 2001; Compton et al. 2007 ). Moreover, small concentrations of H 2 S from sulfate reduction destabilize vivianite, possibly remobilizing its iron to sulfides and dissolving small amounts of phosphate from the concretions in deep glacial sediments (Fig. 3B) . Thus, this ability of vivianite to shift from a P sink to P source within the sediment highlights the fact that caution must be used if vivianite is to be utilized as a paleoindicator of prevailing environmental conditions during its formation.
Framboids
The iron sulfide framboids (Fig. 5C ) display rather small and homogenous sizes without overgrowth (Schieber 2002) . Such features are probably formed within sediment porewaters under anoxic conditions (Wilkin et al. 1996; Suits and Wilkin 1998; Böttcher and Lepland 2000) , rather than in the water column (Park et al. 2005) . The different composition of the framboids (Fig. 6B) may result from the variety of reactive iron available (Fig. 3B ) and variable redox conditions (Berner 1981; Wilkin et al. 1996) . Indeed, slightly sulfided iron oxides were detected in partial aggregates (Fig. 5B) , mackinawite (Fe 9 S 8 ) and greigite (Fe 3 S 4 ), sometimes as fully formed framboids (Fig. 6B ). Greigite as a ferrimagnetic precursor to framboidal pyrite, has been documented in other lacustrine settings (Ariztegui and Dobson 1996) and implies gradual diagenetic maturation. The sulfide iron oxides have been interpreted as precursors of pyrite (FeS 2 ), which is the dominant framboidal mineral (Wilkin and Barnes 1997) formed from interstitial anoxic waters (Suits and Wilkin 1998; Böttcher and Lepland 2000) and probably mediated by microbial activity (Astafieva et al. 2005) . The presence of dissolved iron above the framboid-containing interval (Fig. 3B) argues for iron reduction coupled with sulfate reduction, to account for precipitation of iron (Fe 2? ) sulfides below 40 m depth. Development of framboids is linked to microcrystal aggregation by magnetic attraction (Wilkin and Barnes 1997) . This plausible path of framboid formation is shown in Fig. 5B . Because availability of reactive iron is the dominant control on pyrite formation (Berner 1981) , production of H 2 S via sulfate reduction is sufficient to transform sulfide precursors such as mackinawite and greigite into pyrite (Holmer and Storkholm 2001) . Concomitant measurement of in situ ATP and DAPI cell count at *50 and *40 m depth (Fig. 3C) is evidence for the sustainability of such microbial processes.
Carbonate and other minerals
There are abundant carbonate crystals in the two uppermost lithostratigraphic units of the Laguna Potrok Aike record (Kliem et al.2012; Nuttin et al. 2012) , whereas they are completely absent in late glacial sediments, aside from some reworked gastropod shells. Oehlerich et al. (2012) found that carbonate precipitates in modern Laguna Potrok Aike as mmsized ikaite (CaCO 3 Á6H 2 O), which rapidly disintegrates into lm-sized calcite crystals. These fine calcite crystals are morphologically identical to the calcite in the rest of the sediment record, which supports the idea that these carbonates were originally precipitated as ikaite in the water column and transformed to calcite soon thereafter. Although ikaite is normally metastable, it precipitates when calcite and aragonite nucleation is inhibited by low temperatures and high phosphate concentrations (Oehlerich et al. 2012) . Carbonate precipitation today is favored by the salinity increase during lake-level lowstands of the presently closed-basin waterbody . Chloride and calcium profiles (Fig. 3B ) reflect a salinity increase within the upper 20 m, with an increase in chloride and a decrease in calcium, the latter a consequence of carbonate precipitation.
Some accessory minerals were also encountered within the studied concretions (ESM 2). Ilmenite, magnetite and plagioclase (NaAlSi 3 O 8 -CaAl 2 Si 2 O 8 ) were also identified, reflecting detrital input from the surrounding igneous rocks.
Early diagenesis and timing of authigenic mineral formation
Microbial mediation
In situ ATP production and high microbial population densities (Fig. 3C) provide evidence for substantial microbial reduction processes within the topmost 10 m of sediment (Konhauser 2007) . Simultaneous presence of framboids and vivianite is explained by a series of anaerobic processes related to stratified microbial communities (Nealson and Stahl 1997) . Iron reduction is the first step, followed by sulfate reduction, whereby the produced H 2 S reacts with dissolved iron and precipitates as iron sulfides. Methanogenesis generally starts only after sulfate depletion (Hoehler et al. 2001 ) and reduces vivianite precursors. High sulfate concentrations in some sediment horizons of the glacial record (Fig. 3B) , however, would greatly limit methane production (Schubert et al. 2011) , as sulfate reducers are known to outcompete methanogens (Schink 2002) . The decrease in methane content from 2 to 8 m depth (Fig. 3C ) could be explained by redeposition events, as suggested by geophysical data in the lake (Anselmetti et al. 2009 ), or preferential bacterial use of the substrate (Hoehler et al. 2001; Schink 2002) . The high methane content at *10 m depth (Fig. 3C ) is associated with a sudden shift of d 13 C CH4 towards lower values (*-68 %), indicating methane production based on 13 C-depleted compounds, as would be the case with advanced CO 2 reduction (Whiticar 1999) . High variability of methane below 20 m depth is interpreted as the result of low TOC content within late glacial sediments, along with frequent gravity events during this time interval (Fig. 3C ). These gravity event deposits, composed of mafic volcanics, supplied iron and sulfate to the basin, causing microbial iron and sulfate reduction in such mafic horizons. Simultaneously, associated high sediment loads disrupted methanogenesis in underlying organic clays and triggered methane escapes to the overlying sediments ( Fig. 3C and ESM 1) . At the same time, NAIP was adsorbed on volcanic clays and iron oxides in the water column and precipitated as fine sediments. A succession of discrete mafic sand and organic clay horizons could lead in turn to competing processes, such as sulfate reduction and methanogenesis. Indeed, the shift of d 13 C CH4 toward higher values at *40 m depth (Fig. 3C) demonstrates that methane was used as a source of carbon, with residual methane enriched in 13 C (Valentine 2002; Schubert et al. 2011) . A common byproduct of sulfate reduction and anaerobic oxidation of methane (AOM) is concurrent precipitation of pyrite (Schink 2002) . It is still unclear, however, whether these diagenetic products were formed at shallow depths or after a longer burial time. Nuttin et al. (2012) demonstrated that the vivianite concretions in Potrok Aike experienced diffusion of elements to and from the surrounding sediments through time. U-Th dating gave ages much younger than the model deposition age (Kliem et al.2012 ) and were thus attributed to late diagenetic precipitation under open system conditions.
Depth of formation
In the uppermost 10 m of sediment, the NAIP content (Fig. 3A) remains low, whereas a large fraction of the phosphorus is found as OP and phosphate in pore waters (Fig. 3A, B) . Because microbes are abundant and active throughout the Holocene record (Fig. 3C ), P remineralization rates during early diagenetic stages render uncertain the formation depth of vivianite. Furthermore, microbial activity in Potrok Aike sediments is sustained as deep as 40 m (Fig. 3C ) and authigenesis can thus be considered a slowly evolving process. At the same time, high sedimentation rates related to gravity events favored the adsorption and mineralization of phosphorus by disrupting the methanogenic degradation chain, while inputs of sulfur into the system further promoted sulfate reduction over methanogenesis. In situ ATP detections at 48 and 34 m depth (Fig. 3C) imply that there are still substantial ongoing microbial processes at these depths, with possible sites of reduced activity at 70 and 80 m depth, associated with relatively high TOC and OP contents for the glacial record. AOM and microbially mediated pyrite formation are good examples of deep survival strategies of sulfate reducers (Schink 2002) . Moreover, microbial iron reduction is known to provoke alteration of different clay minerals, especially in the presence of sulfate (Li et al. 2004 ), leading to significant structural changes in clay lattices (Stucki and Kostka, 2006) . Besides, SRB have the ability to reduce iron-containing minerals to support their growth (Li et al. 2004; Zhang et al., 2012) . Smectites, which are the most abundant clay group in Potrok Aike sediments, may originate from the weathering of mafic rocks, but from authigenic processes as well. Nuttin et al. (2012) reported a gradual decrease in their 2h angle peak with depth, which is commonly observed with microbial alteration (Dong et al. 2009 ). During microbial reduction of Fe(III) from smectites, the mineral structure has to be stabilized by the addition of interlayer cations, the habitus becoming foliated during the process (Dong et al. 2009 ), and as they lose their sorption capacity, altered smectites tend to release adsorbed nutrients (Kostka et al. 1999; Stucki and Kostka 2006) . Figure 6C 1-3 show OM interbedded with clays with different degrees of foliation. Their respective depths, along with EPS remnants (Fig. 6C 4 ) , indicate clay-microbe interactions, with microbial metabolism possibly increasing clay alteration over time (Zhang et al. 2012) . Anoxic releases of Fe and P (Fig. 3B ) from metal oxides and sediments could also result from the activity of the microbial consortium (Gächter et al. 1988; Li et al. 2004) , making the elements available to the bacteria, with methane as a complementary source of carbon. Further consumption of released phosphate in the presence of reduced iron leads to vivianite precipitation (Dong et al. 2009 ). Although culture studies on bacterial iron reduction have shown that vivianite is a stable end product (Glasauer et al. 2003) , some levels of phosphate content (Fig. 3B ) seem to be associated with vivianite dissolution (Wilson et al. 2010) . Vivianite could be an alternative source of phosphorus that sustains microbial communities (Smith and Prairie 2004) . AOM, smectite alteration and the associated release of adsorbed organics are critical to maintain microbial activity in deep environments, thus continuing to support diagenetic processes. The microbial signal does, however, become difficult to track below 40 m sediment depth in our record, where it begins to fade.
Paleo-indicator or biosignature
Comparison of TOC, TN and NAIP (Fig. 3A) suggests that iron and phosphorus in the concretions were derived from both volcanic sources and OM mineralization. Evidence for these two different sources is found in the material incorporated in the concretions. Pumice found in concretions C, D and E (Fig. 4) illustrates the role of mafic inputs, whereas the framboids attest to microbial reduction processes. In parallel, diatom concentration peaks (Fig. 3C ) that coincide with TP and NAIP argue for gravity events and associated loads of P and Fe as a trigger of blooms in the water column (Recasens et al. 2012) . Moreover, methane escapes, along with high calcium, sulfate and AP values (Fig. 3C, B and A) , show sudden contributions of substantial mafic material reworked into the basin (ESM 1, sample D40). Concretions B-D (Fig. 4) , however, possess low diatom counts (Fig. 3C) , demonstrating the buffering effect on primary productivity of P adsorption and sequestration in vivianite (Nriagu 1972) . The high numbers of diatom frustules in sediments (Fig. 3C ) and concretion a (Fig. 4A) provide evidence for the recovery of primary production. The concretions reflect both nutrient enrichment of the lake basin and P sequestration from the water column as a result of sporadic inputs of catchment material, and thus offer potential insights into paleoproductivity during the glacial period (Fagel et al. 2005) . The same applies to smectites as they could be derived from weathered volcanic ashes and soils associated with greater precipitation or aeolian transport (Nuttin et al. 2012) . Because vivanite can be altered easily, it remains an unreliable paleoindicator.
The use of the studied concretions as biosignatures depends upon the respective diagenetic role of chemical adsorption and microbial remineralization in their formation (Hupfer et al. 1998) . Although large concretions (Fig. 2B ) result from precipitation via oxide precursors reduced during methanic diagenesis (Berner 1981; Fagel et al. 2005) , nuggets of vivianite scattered in the sediments ( Fig. 2A-C ) reflect precipitation from pore waters after OM degradation and P remineralization by microorganisms (Gächter et al. 1988; Manning et al. 1999) . Culture experiments have shown that vivianite formation only occurs in the presence of sufficient Fe 2? and IP, along with microbial respiration (Glasauer et al. 2003) . Other indirect signs of microbially mediated vivianite formation include clay alteration, methane production, and possibly framboids. Aside from the fact that methanogens are capable of dissolving clay minerals and further triggering vivianite aggregates, they are easily inhibited by DIRB and outcompeted by SRB under adequate Fe(II) and SO 4 interstitial concentrations (Zhang et al. 2012) . Methanogenesis limitation could be inferred from moderate d 13 C CH4 values (-48.55 to 57.24 %) (Fig. 3C) , which might result from relatively low isotopic fractionation during methane formation.
Whether framboids can be considered biosignatures is still a matter of debate because natural crystals are hardly distinguishable from their synthetic abiogenic counterparts. Previous studies in sedimentary environments found fossilized microbial features associated with framboids (Schieber 2002; MacLean et al. 2008) . On the other hand, the conditions required to nucleate such pyrites abiotically (Ohfuji and Rickard 2005) drastically diminish the possibility of such a pathway in lacustrine sediments. Although microbial features were not unequivocally detected on SEM microphotographs, some signs indicate the microbial origin of these framboids (Fig. 5C ). They include low ATP (Fig. 3C), d 13 C CH4 values (Fig. 3C ) linked to AOM and sulfate reduction (Schink 2002) , gradual maturation (Fig. 6B) and related concentration shifts in pore waters (Fig. 3B) , P release from vivianite destabilized by production of H 2 S (Fig. 3B) , along with possible smectite alteration (Fig. 6C 1-2 ) caused by structural iron reduction (Kostka et al. 1999; Li et al. 2004 ).
Conclusions
We conclude that, 50-45 ka ago, deposition of reworked volcanic material into Potrok Aike maar, related to gravity events, played a dominant role in forming authigenic concretions in the sediments. Large amounts of OM were adsorbed onto oxides and smectites, partially controlling the lake trophic status. The low OM content of glacial sediments favored P retention, in authigenic form, during burial. Early diagenetic processes linked to stratified microbial communities may explain the concomitant formation of vivianite and iron sulfides. Methanogenesis appeared initially as the dominant process during early diagenesis, but was often disrupted by sporadic gravity events as a consequence of lake level declines during the glacial. Mafic volcanics reworked from the catchment to the lake basin acted as the main supply of iron, sulfur and phosphorus, thus influencing primary productivity and generating additional microbial metabolism. In fine organic sediments, methane production reduced IP complexed to volcanic clays and iron oxides to form vivianite concretions, whereas iron and sulfate reduction started replacing methanogenesis in mafic horizons. Microbial iron and sulfate reduction were sustained throughout diagenesis and led to the formation of framboids. Mackinawite and greigite evolved towards pyrite, implying diagenetic maturation through the sediment record. Additional evidence of prolonged microbial influence during diagenesis includes in situ ATP detection below 30 m depth, AOM process as indicated by d 13 C CH4 , and possible microbial alteration of smectites. In the meantime, methane and phosphorus consumption by microbes likely caused the nucleation of vivianite from sediment interstitial waters. In summary, results from this study emphasize the successive influence of volcanic materials on microbial metabolism, leading to the formation of mineral concretions. Furthermore, sustained microbial activity observed within sediments shows that processes such as mineral authigenesis and diagenesis can be under their prolonged influence. Although authigenic minerals per se do not constitute unequivocal biosignatures, the multiple lines of evidence used to investigate concretions in Laguna Potrok Aike indicate diagenetic processes, mediated by microbial activity, during their formation. These features can be used to reconstruct authigenic and/or diagenetic processes in similar lake basins at different geographic and temporal scales.
